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I. INTRODUCTION

One of the major objectives in experimental mechanics is
the displacement measurement in a deformable body. In the
past, measurements of such deformation have been restricted
to the surface of the body, however for many structures,
surface deformation analysis is quite adequate as evidenced
by the many reports that have appeared in the literature
over the past two decades. As structural analysis becomes
more complex, the need for examining internal deformation
has arisen:

Ultrasonic inspection using beams of ultrasound is a
technique growing rapidly to fill the needs of modern
experimental mechanics. Ensminger [1]* documents many
modern applications dealing with topics such as thickness
measurements, inspection of metals and non-metals and cthe
determination of bond integrity. Ultrasonic inspection is
further being extended to tissue examinations and bone scans
in the medical field [2].

Essentially all moderrn applications of ultrasocund for
inspection purposes seek to image anomalies within a

structure. A modern application of ultrasound for

* Numbers in ‘brackets refer to the references listed on
page 89.




deformation analysis is through the se of acoustical
holographic interferometry [3]. This technique uses a
reference and object beam of ultrasound similar to optical
holography to produce an acoustical hologram of a structure
in a deformed and undeformed configuration. The
interferogram, recorded using an oscilloscope and film, is
then reconstructed using a laser system similar to optical
holography. The reconstructed interference effect is
interpreted as in optical holographic interferometry.
Although the technique suffers from poor resolution, it is
significant since it represents one of the first attempts to
make internal deformation measurements.

Holographic techniques for making measurements require a
high degree of vibration isolation since the magnitude of
the measurements are on the order of the wavelength of the
illuminating light source used [4]. Laser speckle
interferometry, being much less sensitive than holographic
interferometry, is a technique growing in popularity for
making deformation measurements [5]. Figure 1 illustrates
the basic method for making a laser speckle interferogram.
When a diffuse surface of a structure is illuminated with
coherent radiation, a grainy speckle effect is imaged by the
eye or film plane of a camera due to the interference of
light from the structure. This speckle effect is enhanced

when the structure has microscopic surface irregularities.
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If the optical configuration remains fixed, the speckle
pattern of the test object may be recorded on the film plane
of a camera. Further, if?the structure is deformed the
speckle points shift with the deformation and a second
exposure of the deformed speckle pattern can be made.

k,' § Speckle interferograms of a structure are normally made

by photographing the speckle pattern in a deformed and

i

undeformed configuration using a technique of double
exposure. A beam of laser light is then passed through a
region of the double exposure where the local deformation is
desired. As the beam passes through the film the deformed
and undeformed speckle recorded there diffract the laser
light and cause an interference effect on a viewing screen.
A diffraction halo modulated by light and dark bars of light
is produced where the distance 4 between bars is inversely
? ; proportional to the distance between the undeformed and
| deformed speckle on the film plane. A normal to the light
% and dark bar pattern indicates the axis of deformation of
' the speckle. Laser speckle interferometry is a very useful
] : tool but it cannot give information about the internal
deformation of opaque solids.

In speckle interferometry the film plane records the
amplitude variation across the surface of the test object
due to the multiple interference effect of the various

scattering points on the surface. Ultrasound provides a
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direct analogy to light in that it too has both amplitude
and phase characteristics. The direct extension of
substituting a sound wave for light is an obvious one since
it was first performed in acoustical holography. When the
surface of an object is irradiated with ultrasound small
irreguylarities in the surface, often in the microscopic
regime, reflect and transmit the ultrasound. These
irregularities may be recorded with a receiving transducer
to give a mapping of the surface over some small region. 1If
the surface is displaced, the displacement can be determined
by examining the displacement of the mapping function.

One of the most important facets of using ultrasound for
interferometric measurements is that it has the capability
to penetrate into the test object. If a scattering region
of ultrasound exists within the structure then its
displacement can be predicted. Figure 2 illustrates two
possible configurations for mapping the random ultrasonic
interference effects from a structure. In the pulse-echo
mode, usually a 1.0-4.0 us pulse of ultrasound of 1.0-10.0
MHz is sent from the transducer to the structure. When the
ultrasound encounters the structure-acoustical couplant
interface, a portion of the energy is reflected from the
interface and the rest is transmitted into the material. If

an anomaly below the surface exists, a reflected echo is

i
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produced from this scattering surface. In pulse-echo
scanning the return echo from the interface and scattering
surfaces is gated, amplified and digitalize to produce a map
of the echo return amplitude from any layer below or at the
interface between the structure and acoustical couplant.

The map over a plane region is made by moving the
transducer.

Continuous mode scanning utilizes a separate transmitter
and receiver transducer. The echo return from some level
below or at the surface of the structure is recorded by
properly orienting the receiver transducer. Continuous
scanning tends to produce better mappings of echo returns
than pulse-echo for reasons which will be explained later.
As the transmitter and receiver transducers are moved across
the surface of the test object their orientation with
respect to one another remains fixed.

After a mapping of the echo return from the structure is
recorded analogous to the first exposure of a speckle
interferogram, the structure is displaced and a second
mapping like a second laser speckle exposure is made. Using
the process of numerical cross-correlation, the displacement
of regions on the structure can be computed. This too is
analogous to the reconstruction process in laser speckle

interferometry.




II. BASIC PROBLEM DESCRIPTION

This section presents the theory necessary for
understanding the basic wave propagation process used in
acoustical speckle interferometry. In ultrasonic inspection
there are four basic types of wave motion of interest [6].
Longitudinal waves are the most important wave form in
solids and liquid media which are compressional waves along
the axis of propagation. Examples include sound waves in
air and water. The next most important wave form is the
transverse or shear wave which involve particle motion'
perpendicular to the axis of propagation. Low viscosity
liquids cannot support shear stresses, therefore these waves
are only found in solids. The third important wave form is
the Rayleigh wave. These waves show both longitudinal and
shear wave characteristics. Particle motion is generally in
the form of an ellipse and they can only exist on the
surface of a solid. Finally, there is the Lamb wave which
is characterized by elliptical particle motion in a solid
with two closely spaced parallel surfaces. An example is
found in the vibrational motion of plate and sheet stock.
The analysis in this section will concentrate primarily on

longitudinal and shear waves.
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2.1 The Wave Equation

The formulation of the wave equation is based upon

linear elasticity coupled with the representation of
displacement of points in a continuum by the vector
scalar potential functions. Basic stress-strain rel
from linear elasticity (7] form the foundation of th

analysis

. - (26 + )\)exx + A(eyy + ezz)

o
yy

(o]
zz

(26 + A)syy + A(exx + ezz)

(2G + A)ezz + A(exx + eyy)

oxy = ZGexy

Gyz = Zceyz

o _ + 2Ge
ZzX zX
These equations relate the %ij stress components to

€ij strain components and Lame' constants A and G.
strain components are related to the uj displacement
components in a cartesian system by
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eyz-i 9z +—3-y— (2.12)

The equations of motion in the linear theory of elasticity

are listed in Equations 2.13-2.15:

S —
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3 % 30 3%

xx xy Xz x

= P at A2:23)
Oyx , By | 20y, az"x (2.14)
4 PR g weuee :
30 30 % a2y

ZX , _zy , 2z _ 0 z (2.15)
ax oy 9z at

Substitution of Equations 2.7-2.12 into Equations 2.1-2.6

and further substitution into Equations 2.13-2.15 yields the

equations of motion in terms of displacement which is called !
Navier's Equation:
a2.

GV u+ (A+G)V(V - 0 = p—3 (2.16)
at

With the presentation of Navier's Equation, tﬁree new
equations can be introduced. The first equation is the
representation of the displacement field u by the
scalar potential ¢ and the vector potential .

Wills [8] has shown that

= + ¥y (2.17)
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is a legitimate representation of a dlsplacement field
subject to conditions that continuity exists. Two other

relations can now be defined:

1/2
chl’“;zcl (2.18)
1/2
_Je

It is to be shown that cp, is the longitudinal wave
propagation velocity of sound while cqp is the shear wave
propagation velocity. Using Equations 2.17-2.19, Navier's

Equation may now be expressed as

' 2 9.
‘ v[cf‘v - (V%) —:—%]-Vx [cz Ux (V) +§-—‘2'!] =0 (2.20)
t t

Equation 2.20 describes the general wave propagation
equation for sound. Two cases can now be considered.
First consider the case when v=w=0, u#0 and u=
u(x-ct) where ¢ is the propagation velocity of the

ultrasonic wave. It can be shown that:

a2

e

2
p b (2.21)
L3

32u
a2

11

e
., oW R T
. . e TEN SRR e h g
17 A, { . sl
v o

-

_“:

oy
-

ARt
WA LatoN
(08 ¥ il

v Gty ot %
LA L P )

w A » ‘
ot afﬁ?'}'::l‘-'




This is the longitudinal wave equation. For this case
c=Cy,.

5 : The second case is for transverse wave motion in which
' 3 u=w=0, v#0 and u=u (x-ct). Equation 2.16 may then be

written as:

2

, c2 a2y -9V
where cp=c. This is the transverse wave equation.
In general, the wave equation takes the form
o alr . o'e a3
, e Bie feon e el
: ox dy 9z c” ot

Brekhovskikh [9] states the simplest form of plane wave

motion may be expressed as

xn_ + yn_ + zn
F{ .S cy z_t (2.24)

where nx,ny,nz are the direction cosines of the normal

to the wavefront in coordinate system ?, ?, ﬁ. The general

solution to the wave equation for a single frequency wave

omitting a phase angle is
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gt gt

B

A(w)exp[i(keT - wt)] (2.25)

where,
w 2w
k-.EaT (2.26)
k = knxi + knyj + knzk (2.27)
'r'-x;+y3+zi (2.28)

It is important to note that Equation 2.25 is analogous to

the expression for the propagation of light.

2.2 Propagation of Sound between Media

When an ultrasonic wave propagates from a liquid to
solid or solid to liquid medium, it undergoes reflection and
mode conversion to longitudinal and shear wave forms. This
section presents the basic equations necessary to describe
these phenomena.

A longitudinal wave propagating through a liquid media
to a solid results in three waves as shown in Figure 3:

(1) a reflected longitudinal wave back into the liquid,

ArL.
(2) a transmitted longitudinal wave into the solid,
AtL.

(3) a transmitted shear wave into the solid, AtS.

13
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As in optics there is the equivalent of Snell's Law for

acoustics [9]

sin(a) _ sin(B) _ sin(e) (2.29)

CiL Cas CaL

Equation 2.29 relates the various incident and refraction
angles to their respective propagation velocities of sound
in the media. Given Equation 2.17 for the displacement

field, the velocity field may be expressed as

& =g+ vxid £

As illustrated in Figure 3, the wave motion is restrained to
the xz-plane for analysis. From Equation 2.30, the particle

velocities have the form

%, W
“x-W_—a'zl (2.31)
. %,

Qs (2.33)

The longitudinal wave motion is governed by the equation

2

vig - L 28 (2.34)
C, ot
L

2
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while the transverse wave motion is obtained from

N

¢

VZE __l; 9
c.r ot

(2.35)

N

c, and cp are given by Equations 2.18 and 2.19
respectively.
There are three basic boundary conditions which must be
satisfied at the liquid-solid interface:
(1) The normal compressive stress on the solid and
liquid interfaces are equal.
(2) Since the liquid will not support a shear stress,
this stress must be zero at the boundary.
(3) The u, solid and u, liquid displacement
components are equal at the boundary.
Now from the stress-strain relations given by Equations

éd.1-2.12

du du du

TRE T B
ozz = ) % + 32 + 2G 2 (2.36)
X au!
O " %19z " x (2.37)

Since all quantities are assumed dependent only on x and z

then from reference [9]:
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Vg = h(x,2)] (2.38)

Use of Equations 2.37, 2.35 and 2.17 and noting that G=0 for

| ; liquid media, boundary condition (1) requires that

2 2
. C) Y
g A2, = A% + 26— + —S (2.39)
; 2 2 S S 3 2
‘ ; z 9x 0z
|
L and with the time derivative,
b 2: 24 2% 2%
Hy AR'V ¢£=XSV ¢S+2G W (2.40)
y oz 9x 9z
: The shear stress boundary condition requires that
2 2 2
3 3 3 3
, %5 . 0% 0% . (2.41)
2 + 2 2 0
9x 9z  Ix 0z
and with the time derivative,
%, A%y A%

9x 9z axz 9z

The maintenance of continuity at the interface results in

the expression:

2, g g

= +ax

5s 5 (2.43)

o N v e i i Al o

and with the time derivative,




a&,‘

a&s

afys

9z

9z

ox

(2.44)

From Figure 3 and Equation 2.25 the potential function

[9] for the incident wave may be expressed as

$1nc = Aexp[i(klz(x sind - z cosa) - wt)] (2.45)

and for the reflected wave

A

$ref1 i 'I:':f exp[i(k;p(x sina + z cosa) - wt)] (2.46)

Now for the longitudinal wave in the solid

A
¢S = A Ki exp[i(kzz(x sin€ - z cosg) - wt)] (2.47)
[ AtS «
lbs = A q exp[i(kZS(x sinB - z cosB) - wt)] (2.48)
where,
)
§ i (2.49)
18 clL
W
| 2% ch
w
k.. = — (2.51)
2S c28
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Brekhovskikh [9] solves Equations 2.45-2.48, 2.40, 2.42 and

2.44 simultaneously to obtain:

2 2
ArL - 2,y cos 28 + L sin 28 ~ 29 (2.52)
A 2 2
iL z,y cos 28 + 2,5 sin" 28 + Z0
o R Sy (P 26 (2.53)
A1L Py Zy9 cosZZB + Zyg sinZZB + 27
f£§ .igl 2zzs sin 28 (2.54)
A o] 2 2
il 2 z,, cos 28 + Z,9 sin" 28 + 27)
where the acoustical impedances are given by,
p, C
2 2L
299 = "cose (2.55)
p, C
- 2. 28 . 2.56
228 cosB ( )
p, C
it Ty (2.57)

Z12 T “cosa

The second case to consider is shown in Figure 4. When
a longitudinal wave passes from a solid to liquid medium the
following waves result:
(1) a reflected longitudinal wave back into the solid,
ArL.

(2) a reflected shear wave back into the solid, ArS.

19
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(3) a transmitted longitudinal wave into the liquid,
AtL.
Using the same analysis and boundary conditions as before,

Brekhovskikh obtains:

2 2
Arl. P 20 + Z,g sin“2A - z,, cO8 22 (2.58)

A

2 L
iL z,0 * Z,g sin“2\ + 2,y COS 2

AtL 5 cosn 1 _A_ti c_l_l; (2.59)
A 2z AT e
iL cosy cos 2A iL] ~2L
2
A1:8 f sin2n ArL CZS
A,.  Jcos2x : 25 | ¥ (2.60)
iL iL 2L

where the acoustical impedances are given by:

p, C
S e 17 2.61
zll cos| ( ;

p, C
2. 2L
22 © “cosn (2.62)

Py Cog

225 = TcosA (2.63)

A shear wave passing from a solid to liquid medium and

polarized in the xz-plane produces the following waves:

21
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(1) a transmitted longitudinal wave into the liquid

medium, AtL.

(2) a reflected shear wave back into the solid, ArsS.

(3) a reflected longitudinal wave back into the solid,

ArL.

As shown in Figure 5 and using the same analysis

before,

29 cosz2¢ - 2y sin22¢

ArS g zll + 2z
A
is Z50 + z

is 2 s:ln2 ¢

A

20 c0322¢ + Zyg sin22¢

tL tany 1 Ars
Boi o il
is

is

e ae
12 cosy

B S
228 © “cosA

" chas
225 cos¢

_rL _ _ cos2¢ 1+ A Cor 4y
A sin2A Ajg C2s

where the acoustical impedances are given by:

as

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)
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Liquid (Medium-1)

Solid (Medium-2)

ArL
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Figure 5. Polarized Shear Wave of Amplitude AiS Propagating
from Solid to Liquid Media
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Another important parameter in the analysis of wave
motion is the conservation of energy at the solid-liquid

interface [2]. For the first case, by the conservation of

energy:
2 2 2 2
P P P P
zl A:L * z2 AiL > z2 A:S T zl A:L (2.70)
12 2% 28 12
and for the second case,
2 2 2 2
e P p P
zz A:L > zz Atz's ¥ zl A:L r 22 AiL {2.71)
28 2s 12 28
and for the final case,
2 2 2 2
(o P P P
2 2 1 2 2 2 2 2
— A + — A + — A = — A (2_72)
s zll tL zzz rL z is

In general, the energy contained in an acoustical wave may
be expressed as [2]:
o o
! -
wave z,

(2.73)
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where pj, Aj, and Zj correspond to a shear or longi-
tudinal wave in media i.

Figures 6 and 7 show the division of the energy in an
incident longitudinal wave in water as it is transmitted
into and reflected from aluminum alloys and plexiglas.
These graphs were made using Equations 2.52-2.57 and 2.29.
It is interesting to note that very little shear wave energy
is generated until the angle of incidence (a) becomes very
large. This effect occurs around 9° for transmission from
water to aluminum or water to plexiglas. As the angle of
incidence increases, the longitudinal transmitted wave
energy decreases rapidly while the shear transmitted energy
increases to a point and then rapidly decreases. Also it is
observed that in general, plexiglas reflects significantly
less energy than aluminum and transmits a greater amount of
longitudinal wave energy.

In constructing Figures 6 and 7, the following
properties of materials were used [1]:

p Hy0 = 1.0 g/cm3

p plexiglas = 1.20 g/cm3

p 17ST-Al = 2.80 g/cm3

p 250-Al = 2.71 g/cm3

cir, H20 = 1.45 x 105 cm/sec

c2r, plexiglas = 2.68 x 103 cm/sec
cy, 17ST-Al = 6.25 x 103 cm/sec




% ENERGY

Reflected Longitudinal Wave

17 ST ALUMINUM

MR .,

— Transmitted Longitudinal Wave
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T T T 1 ! LB 1 i | I

0° Cly 10°
ANGLE OF INDICENCE (o)

% ENERGY 2 S0 ALUHINUHﬂ_‘—”////
Reflected Longitudinal Wave

- Transmitted Longitudinal Wave

Transmitted Shear Wave

e ST
0.0 T 14—‘T'==f—’| T T Cmote Rt R

0° 5° 10°

ANGLE OF INCIDENCE (o)

Figure 6. The Division of Energy Into Various Wave Modes
for a Longitudinal Wave in Water Intercepting an
Aluminum Interface
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cop, 2S0-Al = 6.35 x 10° cm/sec

c2s plexiglas = 1.32 x 103 cm/sec

cpyg 17sT-Al 3.10 x 105 cm/sec
cpg 2S0-Al = 3.10 x 10 cm/sec
Another important parameter in acoustics is the critical

angle for reflection. If an incident longitudinal wave

angle of incidence is

c 1
o = sin'IIE}EI (2.74)
2L

the transmitted longitudinal wave will pass along the
surface of the interface. If a> acp, then the

longitudinal wave will not be transmitted into the second
media but will be reflected back into the first media along
with the normally reflected wave. For the transmitted shear

wave,

C
-1 1L
a.. = sin - (2.75)
CS ICZSI

The behavior for a> acg is the same as for the
transmitted longitudinal wave in media 2. acp and acs

are referred to as the longitudinal and shear transmission
critical angles respectively. Since Cyp, > Czg for

solids then acs > acr. It is possible to use this

property for inspecting materials utilizing shear wave
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transmission. It is important to note that the analysis
developed in this section was for a longitudinal wave in
liquid media infinite in width and depth intersecting a
solid surface of infinite width and depth. In practice,
acoustical waves are very small in lateral dimensions across
the wave front. Brekhovskikh [9] shows the existence of
small reflected wave displacements in the x-direction for
beams of ultrasound having bounded dimensions. This effect
is considered negligible in the present analysis.

2.3 Propagation of Sound in an LSL Interface

This section presents the'necessary equations for
understanding the propagation of sound in an LSL
(liquid-solid-liquid) interface. Consider the sound ray
diagram of Figure 8. An ultrasonic wave of amplitude A;
travels along path Dj until it encounters a liquid-solid
intérface. At the interface the wave undergoés mode
conversion into a shear wave of amplitude A,, a
longitudinal wave of amplitude Ag and a reflected wave of
amplitude Ag. The transmitted shear and longitudinal
waves transverse a thickness D of the solid where they
encounter a reflecting-scattering layer. This layer is
considered to have the unique capability of converting any
wave into either a pure shear or longitudinal wave which it
reflects back'into the solid. There are four possible waves

which result:
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(1) a reflected shear wave A3 from the incideht shear

wave Aj.

(2) a reflected longitudinal wave A4 from the inci-

dent shear wave Aj.

(3) a reflected shear wave Ag from the incident

longitudinal wave Ag.

(4) a reflected longitudinal wave Ay from the inci-

dent longitudinal wave Ag.

The waves from cases 1,2,3 and 4 undergo further mode
conversion at the solid-liquid interface where they are
converted into longitudinal waves of amplitudes Ag, Ajq.
A)), and Ajj respectively. These waves may then be
detected as waves of energies Sy, S3, Sy, and Sg
relative to the transmitted energy, respectivity, in a
receiver plane as shown in Figure 8. The waves are assumed
to have a Gaussian distribution of intensity versus
cross-sectional distance with the maximum occurring along
the rays drawn. The effects of bounded beam size are
ééshhéa negligible and the basic equations presented in
Section 2.2 will be used in the analysis. As stated before,
the reflecting-scattering layer is ideal\and can 15
longitudinal or shear incident wave with 100% efficiency
into either reflected shear or longitudinal waves but not

both. Therefore, this layer has one of two ideal
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characteristics: it is either a shear reflecting-scattering
layer or a longitudinal reflecting-scattering layer.
From the geometry shown in Figure 8 and Snell's law

(Equation 2.29)

C
sinf = 28 sina (2.76)
1L
Ca
sine = — sina (2.77)
1L
T T . (2.78)
2 3 6 cosB
D, = D. =D, = 2
4 5 7 cos€ (2.79)

If the following equations are defined:

h9 = 2D2 sinB cosa (2.80)

hio = (,l)2 sing + D, sin€) cosa (2.81)

hll = (Ds sine + D¢ sinB) cosa (2.82)

h, = 21)5 sinE cosa (2.83)
then,

h=h, +;;];% : (2.84)'

h-h

12

ul - (2.85)

°11'°12|h-h

SI————




i ABES= e

Do =D

12}h - h

The acoustical impedances for the geometry are:

M. L
12 cosa

i
28 cOsE

SR
2S cosB

In general:

— ENERGY RECEIVED AT LOCATION (i)

S = ENERGY INITIALLY TRANSMITTED

From Equation 2.52 and Equation 2.73

2 2
cos 2B + z,. sin“2B - Z19

* 229
S1 =

28
2 2
z,y €OS 28 + Z,9 sin"28 + 21

(2.88)

(2.89)

(2.90)

(2.91)

(2.92)

(2.93)




The calculations for S; will be based on a 100% shear
reflecting-scattering layer with the shear waves polarized

in the xz-plane. Then,

A -pP 2z sin 28

IQ_ p1 28 ; (2.95)
1 2 z,y cos 28 + 2,0 sin“2B8 + 210

K?' l tana ' g rS (2.96)

231n B
where,

A z coszzB -z sin228

I8 P10 * fan 28 (2.97)

Ais 11 250 c08228 + 2,0 sin228

and for the energy ratio,

e i

2 A A, (2.98)
* %

$,=8, 5, (2.99)

The S3 energy ratio is calculated for a 100% longitudinal
reflecting-scattering layer. From Equation 2.54,

p 2z,. sin2B
i (P 2s (2.100)

A1 °z Z,0 cosZZB + L sin228 + 27

Equating the conversion of shear wave energy to longitudinal

wave energy

2 2
ﬁz__Az_"LAz (2.101)
Zy0 4 Z,9 2

34

e S,




o TN e T

A
o Pl 3 7 (2.102)

Then from Equation 2.59:

A10 = CcOSE l I _1L

Alo cosa cos 28 2L (2.103)
A z2., + 2 sin228 -z cosZZB

rL i 1 2S 28 (2.104)
A

2 2
iL 219 + Z,g sin“28 + z,, cOS 28

and for the energy ratio,

¢t - Mot

3 A& Al (2.105)
s* s*

Sy = 84 9, (2.106)

The S4 energy ratio may be calculated for a 100% shear
reflecting-scattering layer. Using Equation 2.53

AS Py 222!. cos2B

i et (2.107)
A1 pZ 250 coszza + L sinzzB + Zy9

Equating the reflected shear wave energy to the incident

longitudinal wave energy

2 2

P p

2 2.2 2 .108
Ay Ag (2.108)

Za8 Z2s

e
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>
>
N

e T (2.109)

From Equations 2.64 and 2.65, '

Au | = l l1+—- (2.110) 5-
2sin” B
2
ﬁ£§ ; I 12+ Zgg coS 28 = 2,5 sin 28 I (2.111)
A 2
is Z)g * 2y COS ~8 + 259 sin“2R

. i'
and for the energy ratio, %
)
A |
* 11 76 |
§, = === 2 (2.112) g
4 A6 A1 {
1
x % |
S, =S4 S, {2.113) ?
|

Finally, the Sg energy ratio may be calculated for a 100%

longitudinal reflecting-scattering layer. From Equations

2.53, 2.58 and 2.59:

A7 pl 2z22 cos2B

A1 Py 250 cosZZB + 2,8 sinzza + zy0 (2.114)

ArL Zi9 + Z,g sin228 = Zy0 coszza

Aoy T (2.115) ,

2 2
iL Z9 + 2,9 sin"28 + z,, cos 28

Ay cose ArL CL (2.116) 4
bl omery o 1 LI oy | :
7 cosa cos 2B 1L 2L

36




Lt ol
LS

and for the energy ratio,

A
x Ao A
e - oy 8 (2.117)
520 & ,

* *
Sg = Sg Sg (2.118)

Figure 9 shows S}, S3 and Sg energy ratios as a

function of the angle of incidence (a) for plexiglas where:
p HyO = 1.0 g/cm3
p plexiglas = 1.20 g/cm3
cyr, = 1.448 x 103 cm/sec

2.68 x 10 cm/sec

Cc2L
cpg = 1.32 x 105 cm/sec

D; = 1.00 inch

Dy = 1.00 inch

Figure 10 shows hjj as a function of the angle of
incidence and depth of the scattering layer D. As can be
observed in Figure 9, the Sg ratio is the most dominant
ratio for all a given. The S; and S4 ratios were found
to be negligible since they involve three rather than two
mode conversions from shear to longitudinal and vice versa
wave forms. The S3 ratio is small for it is the result of
a longitudinal-shear-longitudinal mode conversion. As
illustrated in Figure 7, plexiglaé reflects very little
incident longitudinal wave energy resulting in a low S

ratio.
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Figure 10. hj); Versus Angle of Incidence (a)
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In general, a reflecting-scattering layer is non-ideal
and will transmit energy and reflect both longitudinal and
shear wave energy. However, the longitudinal wave reflec-
tion characteristics are in general dominant. This theory
suggests that given a definite scattering layer then the
proper orientation of the receiver will result in the detec-
tion of a return signal from the layer. This forms the
basis for continuous wave (CW) acoustical speckle interfer-
ometry. With thevproper transducer configuration it may be
possible to detect the signal from any layer in a multiple
number of scattering layers.

2.4 The Speckle Effect and Cross-Correlation

Suppose a pair of transducers operating in the contin-
uous wave mode as in Figure 8 remain fixed relative to one
another and are scanned over the scattering layer a distance
D below the surface as in Figure 2. The scattering layer as
discussed in Section 2.3 may theoretically reflect waves as
shear, longitudinal or a combination of these two waves. In
general, only the Sg wave is considered significant. If
the S5 wave reflectivity is variable as a function of x
then the longitudinal wave amplitude A5 pay be expressed as

Ag = f (x) (2.119)

In general, the Ag wave amplitude is a function of x

due to the completely arbitrary nature of the reflecting-
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scattering layer. The random variation in f(x) is referred

to as acoustical speckle. Various mechanisms are respon-

sible for the scattering effect. It may be attributed to
inclusions in the otherwise assumed homogeneous solid media
or in the case of anistropic crystalline structure, grain
orientation may produce the effect [1].

Figure 11 shows an example of a continuous wave scan of
a reflecting-scattering layer. 1In the upper portion of the
figure, a pair of transducers are oriented for receiving the
return echo from the scattering layer which is homogeneous
except for a small inclusion. The transducers are scanned
from x' to x'+x" and Ag is plotted as a function of x.

Graph (a) shows a decrease in the Ag amplitude at x=x"'
due to the presence of the inclusion. This represents a
perturbation in an otherwise straight line plot and may be
referred to as acoustical speckle, analogous to a speckle
point in laser speckle interferometry.

After scanning the undeformed solid, the transducer pair
is returned to its starting position at x=x'. The solid is
now displaced an amount Ax and the transducers scan the same
scattering layer and the result is shown in graph (b). The
process of cross-correlation may be used to determine 4x
which is ﬁhe interferometric analysis process.

Suppose the As(x) amplitude is known for the

undisplaced solid and the Ag(x) amplitude variation
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from x; to x,, is known for the displaced solid. The

cross—-correlation function [10] is defined as:

[ Agx)A (x ~T)ax (2.120)

X
a

Cc(1)

where,

] [} i
X -x <TK - - x"
. ERIH X X

For the particular example shown, Reference [10] shows that
the C(t) function will have a maximum for tT= Ax. This is
the result of the fact that two identical wave forms remain
essentially uncorrelated except where they may be super-
imposed upon each other. The theory indicates that for DC
response, Ag(x) signals (Ag(x) = constant) will not
result in an extremum. Likewise, for periodic functions
C(T) will have many extrema. All of this implies that to
achieve a desirable cross-correlation, the Ag(x) signal
must have a random variation over the scanning range of x'
to x'+x"

A much easier to understand correlation function is the

difference cross~correlation defined as:
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X

e
[ lage) - Ag(x - T)|dx (2.121)
X

a

c'(t)

L] L 1]
X =-x < TK -X =X
a = —xb

and the least squares cross-correlation function may also be

defined as:

X
" b ' Vs
C(m = [ a0 - ax - 1) 1% NS ie)
X
a

Expansion of the least squares cross-correlation function

yields:

>

¢'(0 = [ (a0 +ax - D2ax - 2 c(0) (2.123)

X
a

The first term of this equation may be related to the
average power of the Ag and Ag signals while the last
term is the cross-correlation term. Equations 2.121-2,123
have a minima for T=4x.

It is desirable to utilize Equation 2.122 for

correlation for it generally gives the best overall results.
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This function weighs both the cross-correlation and the
average signal power.

As will be shown in Section III, there are two possible
methods for implementing the scanning process. However,
both methods use discrete digital sampling of the Ag and
Aé signals at selected points a distance 4N apart.

Suppose a scan of the undeformed specimen is made from x' to
x'+x". A total of N data points were sampled during this
scan where Ag(l) = Ag(x') and Ag(N) = Ag(x'+x").

The increment between scan points is

X
AN '(—N—_—ﬁ (2.124)
Now let the specimen be displaced a distance
AX = -rAN (2.125)

The specimen is now scanned m < N times from X =x' to xp

where

xb = (M-1)AN (2.126)
/

It is assumed in this analysis that 0 < r < N-m where r is
an integer for the present time. The discrete least squares

correlation is now

M
" : z ' 2
Cp(L) = 42, [Ag(d) - A(4 + 1) ] (2.127)

O<KL<N-M
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From the theory presented thus far, the CB function
will have a minimum value for L=r. The discrete correlation
function

M
i :
¢y (L) = L [ Ag(DAL(#L) ] (2.128)

0O<L<N-M

will have a maximum value for L=r.

2 Equations 2.127 and 2.128 coupled with Equations 2.124
and 2.125 provide the numerical basis for acoustical speckle
interferometry. As will be shown later by example, if r is
not an integer value for the initial displacement then these
equations will interpolate to the nearest integer value.
This insures that displacements of +AN can be measured.
Although the mathematics will not be covered here, it is
important to mention that the Discrete Fourier Transform can

be used to perform the operation of cross-correlating data

‘ involving large N and m values with a considerable time
E saving in computing if implemented as a Fast Fourier
| Transform (FFT) algorithm. All correlation analysis
presented in this work will be performed using Equation

!
E 2.127 as the cross~correlation function.
E

46

- .
. Yod & e
PSR e 2P B A

WO AL % ;
gk ‘.4_,¢}::-,.‘ ‘.v," = A~

S o NIRRT




LAt . o g !

DRt e ol bob i o L SR ol LE o o e ol

|

PN ORI AR R e w1

PRI

:
!
&

III. EXPERIMENTAL CONFIGURATION

This section presents the hardware which was used to

make acoustical speckle interferograms. Two separate sys-

tems are presented. These are the pulse-echo and continuous

wave interferometric systems. In developing the two sepa-

rate systems, eight pieces of hardware comprising the data

acquisition system are found common to both.

3.1 Data Acquisition System

Figure 12 illustrates the data acquisition system used

in experimentation. The basic components and their

functions are:

a.)

PDP 11/40 Minicomputer- this computer, manufactured
by the Digital Equipment Corporat  \ (DEC), serves
as the central controller for makin§ an inter-
ferogram. It contains 32,000-16 bit words of stor-
age and uses an RT1l1l software control system.

RX01 Floppy Disk- the disk drive is used to store
programs, data and the RTl11l monitor. It is a dual
drive unit with 250,000-16 bit words of storage.

It is manufactured by DEC.

Decwriter- this is the typewriter input/output port

for the computer. It is a 30 character per second

unit used to input scan parameters for making an
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PDP 11/40

RX01
—————
Decwriter Lﬂ——b- Minicomputer Floppy-Disk
{
DR11-C AR11 f
Digital I/0 — Analog 1/0 !
Interface Interface
. F |
;
!
XY-Table .'_J |
ol oulh Oscilloscope
|
{
; |
3 “ /\A/D Input Data ‘
y XY-Table
p X

Figure 12. Experimental Apparatus for Data Acquisition
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d.)

e.)

£.)

interferogram and printing the results of the cor-
relation process. It is manufactured by DEC.

ARll- this unit is the analog I/0 port manufactured
by DEC. The ARl1l is used to plot data on an oscil-
loscope and digitalize receiver transducer ampli-
tude signals for the correlation analysis presented
in Section 2.4. The ARll features a 16 channel A/D
converter with an input voltage range of 0 to +5
volts, a resolution of 10 bits, and an accuracy of
+0.1% of full scale. It also has a 22 to 24
microsecond conversion time, an input impedance of
10 megohms and a settling time of 8 microseconds
maximum. The ARll also has two D/A converters
operating at +0.5 volts with 10 bits of resolution
and +2% of 1 volt full scale accuracy. These D/A
converters are used for plotting data on an oscil-
loscope.

Oscilloscope- this is a Tektronix Company Model 549
oscilloscope which is used to plot data from the
computer via the ARll interface.

DR11C- the DR11C is a digital I/O interface used to
position an XY-table for the transducers when scan-
ning. It is manufactured by DEC and features 16
ports of input and 16 ports of output TTL com-
patible voltages.
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g.)

h.)

XY-Table Controllers- control of the XY-table via
the DR11C interface is maintained by these units,
This system contains two Slo-Syn translator modules
(Type STM 101) manufactured by the Superior Elec-
tric Company. Also included in the system are two
Type MPS-1000 power supplies also made by Superior.
XY-Table- the XY-table is one of the most important
components in the data acquisition system. It is
used to position the transducers for scanning over
a specimen in the interferogram process. The XY-
table selected is made by Design Components Inc.,
and is a Model DC-66 having a scanning range of 6
inches in the x and y directions. It can take
single steps between scan points of .001 inch with

a repositioning accuracy of .0001 inch.

The theory of operation for the data acquisition system

is as follows. After the program for scanning is started

the necessary scan parameters are input to the computer from

the Decwriter. These parameters include the number of

points in the first and second scans, the number of .00l

inch steps between scan points and the rate at which the

scanning process is performed. The computer is then ready

for the start of scanning.

For the first scan, the XY-table is advanced to each

scan point and a predetermined number of samples of the

-
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receiver transducer output are digitalize and averaged
together to obtain the first signal for cross-correlation.
After the first scan is made, the specimen is displaced and
a second scan is made according to Section 2.4. Cross-
correlation of the two signals is then made and the results
are printed on the decwriter and plotted on the
osciiloscope. Displacement of the specimen is made by
moving the transducer(s) relative to the specimen in .001
inch increments.

3.2 Pulse-Echo Experimental Configuration

Pulse-echo acoustical interferometry is similar to sonar
scanning. A pulse of 1 to 4 microseconds duration of
ultrasound is transmitted from a transducer as shown in
Figure 13. The pulse propagates toward the liquid-solid
interface where a portion is reflected back to the same
transducer which is now acting as a receiver. The energy
not reflected back is transmitted into the material. Due to
the presence of subsurface inclusions and crystalline grain
structure, various parts of the solid may reflect acoustical
energy back to the transducer some time after the arrival of
the front surface echo.

After the transmitting transducer has been switched to
receiver mode the entire echo from the solid-liquid
interface and subsurface anomalies is amplified and gated.

Figure 14 illustrates the gating process. A square-wave




Transmit Pulse.__J [___Frout Surface Echo

Scale - 0.2 Volt/Division
1 Microsecond/Division Sweep Time
4.08 MHz Transmit Frequency

DAPCO Needle Probe

ﬁ Figure 13. Pulse Echo Signal of Plexiglas (Specimen-1)
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Figure 14. Gating Process for Pulse-Echo Acoustical Speckle

Interferometry
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pulse of width At,, (some time tg after the initial
ultrasound pulse transmission) is activated. When the pulse

is turned on the amplified signal of the return echo is

rectified, an envelope of the signal is generated and is

digitalized. Aty is about 20 nanoseconds in width and in
practice only a very small portion of the return echo is
digitalized. 1In effect, the return echo from a very small
region below the surface of the specimen is digitalized and
sent through the ARll to the computer for processing. For
very small At,, the depth of this region is given by:

D= (ts - tl) S%k (3.1)

for longitudinal wave propagation and,

n-(c-:&! 3.2
s 2 (3.2)

1
for shear wave propagation. Shear wave propagation for
normal beam incidence is negligible. 1In practice, all wave
propagation is considered to be longitudinal since the
transmitting transducer is normal to the solid surface.
Figure 15 illustrates the system used to implement the
pulse-echo interferometric process. A Holosonics Company,
Model 200 acoustical scanner, capable of transmitting short
ultrasonic pulses and converting the echo amplitude to a

level representation for any portion of the specimen was

used. The unit is commercially available from the
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Holosonics Corporation. The echo return from the transducer
was monitored on an oscilloscope as shown in Figure 13.
Since the sample and hold gate width At, is very small for
the Model 200, the output was passed through a passive RC
low pass filter circuit as in Figure 15 and then sent to the
ARll for digitalization. The filteiing was needed since
very small changes in the phase angle of the gated signal
result in large changes in the sample and hold signal
output. All scanning was done using a Yale size 18, needle
probe from the DAPCO Corporation.

In operation, the transducer was scanned over the
specimen and the return echo was digitalized corresponding
to some distance D in depth for the solid. The signal was
stored by the computer for cross-correlation with the signal
from the specimen displaced relative to its initial
position. The specimen was placed in a smallAplastic
container attached rigidly to the XY-table.

3.3 Continuous Wave Experimental Configuration

In order to implement the scanning process for CW
acoustical interferometry, described in Section II, two
transducers were attached to the side of the XY-table as in
Figure 16. Two clamps which can be rotated are used to hold
the transducers in their proper orientation for scanning.
These transduéers were immersed in a tank of water

containing the specimen and scanned over its surface.
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Figure 16 illustrates a set of typical 3.08 MHz signals from

the transmit and receiver transducers.

F

, The electronics block diagram for the scanning process
is shown in Figure 17. A Tektronix Company, Model 191,

i constant amplitude signal generator was used to produce the

RF signal which was sent to the transmit transducer
unamplified and monitored on a Tektronix, Model 485,
oscilloscope. The central component in the system was a
Hewlett-Packard, Model 8405A, vector voltmeter. This unit
measures the RMS signal amplitude of the receiver transducer
output. It has an output of 0 to +1 volt DC corresponding
to the RMS signal input amplitude from the receiver
transducer. The oscilloscope also monitored the input

voltage to the vector voltmeter. The Model 8405A provides a

stable output signal corresponding to the input signal. Its

output was sent directly to the ARll without any need for

electronic filtering.

In practice, the transducers were scanned over the

surface of the specimen. The input signal to the transmit

transducer remained fixed while the receiver transducer
signal was monitored by the 8405A and digitalized by the
ARll., After the first scan was made, the transducers were
displaced relative to the specimen and the second scan was
made. The signals were then cross-correlated to determine

the displacement between scans,
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An important piece of information for CW scanning is the
frequency response curve for the transducer pair. All CW
scanning was done using a 0.35 inch diameter transmit
pizoelectric transducer. The receiver was a 0.50 inch
diameter pizoelectric transducer. A frequency response
curve shown in Figure 18 was generated for the pair by
placing them 2.00 inches apart in water and orienting them
2long the same center line. An RF signal of 5.80 volts was
applied to the transmit transducer from the RF signal
generator. The receiver transducer signal output was then
monitored on the oscilloscope. The ratio of the receiver
output voltage to the applied voltage is plotted in Figure
18 versus the input frequency. Sharp peaks in the graph
occur at about 1.0, 2.1, 3.0 and 5.2 MHz. These peaks are
the result of the transducers reaching resonance conditions
and signifying operating frequencies for CW scanning.

The appendix contains the computer code used to analyze

the acoustical speckle data. It is a general purpose

program which performs least squares cross-correlation

analysis of either CW or pulse-echo signal data.
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IV. EXPERIMENTAL EXAMPLES

To test the theory presented in Section II, five
specimens were selected for pulse-echo and continuous wave
acoustical speckle interferometric evaluaﬁion. Below is a
description of each specimen used in the testing process:

(1) SPECIMEN-1

Figure 19 shows this test sample. A piece of
plexiglas, 2.03 inches x 0.88 inches x 0.45 inches
was cut using a band-saw. The cutting action of
the band-saw produced the rough surface shown in |
Figure 19. This serves as the solid-liquid
interface for scanning. As can be seen from the
cross-section of the test specimen, there are
definite surface irreqularities for scattering the
incident ultrasonic beam.

(2) SPECIMEN-2

i Figure 20 shows an aluminum alloy test sample. A

piece of aluminum alloy, 1.94 inches x 0.99 inches ?

SN

x 0.095 inches was cut using a band-saw. The

specimen was then sanded to a smooth surface using
Carborundum 180 C weight sandpaper. This surface
is shown in Figure 20~(a). The cross-sectional

surface irregularities are very small.
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(a)

(b)

0.0224 inch thick slice of Specimen-1
at 10X magnification

Figure 19. (a) Test Specimen-1 (Plexiglas)
(b) Cross-Section of Specimen-1
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(3)

(4)

SPECIMEN-3

Figure 20-(b) shows a specimen made of slip-cast
fused silica. The dimensions of the specimen are
2.00 inch diameter x 0.49 inches thick. The slip-
cast fused silica sample was made by compressing
very pure silica in a mold and fusing the material
in a high temperature ceramic oven. . This material
is often used for protecting sensitive radar anten-
na transmission systems. The surface is very
smooth and relatively free of internal defects such
as small gas bubbles.

SPECIMEN-4

Figure 21-(a) shows a plexiglas specimen r-bricated
to show that deformation in a material could be
measured with acoustical speckle interferometry.
The sample has dimensions of 1.00 inch x 2.36 inch
x 0.130 inch thick. The front surface, which is
exposed to the incident ultrasound and serving as
the solid interface, has a very glossy appearance.
As such, it gives very poor acoustical speckle
information in CW scnning. The back surface, which
is shown in Figure 21-(a), was made by cutting
grooves 0.04 inches wide and approximately 0.02

inches deep into the plexiglas using a band-saw.

The surface was then sanded lightly with Car-
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(a)

(b)

—

Figure 20.

(a) Test Specimen-2 (Aluminum)
(b) Test Specimen-3 (Slip-Cast Fused Silica)
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(a)

(b)
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Figure 21. (a) Test Specimen-4 (Plexiglas)
(b) Test Specimen-5 (Aluminum Casting)
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borundum 180 C weight sandpaper. This back surface
served as a scattering-reflecting layer for
acoustical interferometric CW scanning. The
grooves were spaced 0.20 inches apart.
(5) SPECIMEN-5

This specimen is shown in Figure 21-(b). The sam-
ple is an aluminum casting pitted with gas holes
measuring up to 0.13 inches in diameter. The
specimen is approximately 0.67 inches thick and has
a surface roughness similar to a ground finish ob-
tained from an aluminum sanding wheel, This sample
was used to show how pulse-echo scanning could be
used to predict internal deformation in solids.

Table-1 gives the property data concerning density and

propagation velocities cf ultrasound for specimens 1-5.

These values are only good approximations since the exact
chemical composition of the specimen were unknown.

4.1 Experimental Test-1l

In this test, specimen-1l was scanned as shown in Figure
22 a distance of 0.100 inch with 0.001 inch increments for
the initial scan. The specimen was then displaced a
distance 4x by moving the DAPCO needle probe and then a
second scan of 0,050 inches in 0,001 inch increments was
made. The two scans were least squares cross-correlated and

Ax was predicted based upon the minima in the correlation




TABLE-1

SPECIMEN 1-5 PROPERTY DATA

SPECIMEN MATERIAL i €2 €252
1 Plexiglas 1.20 2.68 1.32
2 Aluminum 2.80 6.25 3.10
3 Slip-Cast Silica 1.96 4.08 2.50
4 Plexiglas 1.20 2.68 1.32
5 Aluminum 2.80 6.25 3.10

Note 1 Density given in g/cm3
Note 2 Velocity x 105 cm/sec
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Echo Return for Correlation

Figure 22.
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function. The needle probe was located 0.15 inch from the
solid-liquid interface and the gate delay was set at 0.2
microseconds from the beginning of the front surface echo
return signal.

The £ransducer was operated at 3.9 MHz using a transmit
pulse width of about 3.0 microseconds. Therefore, gating
was primarily at the front surface echo. Figure 22 also
shows a typical signal return amplitude from the front
surface versus scan distance taken for the first scan.
Figure 23 shows two scans of 0.001 inch increment between
A/D samples and a scan axis length of 0.100 inch in which
the specimen was displaced 0.001 inch between scans. A
phase shift of 0.001 inch between the two scans may be
noted.

Figure 24 shows the final result of the test. As
illustrated, the correlation technique accurately predicted
the displacement of the specimen relative to the transducer
for every Ax selected. It is important to note that an
average of 1000 samples of the Holosonics Model 200 output
were taken for each data point used in correlation to reduce
noise.

An average of 30 to 60 seconds is required for obtaining
a single data point shown in Figure 24. Therefore, dis-
placement measurements can be made very quickly using the

technique. The RC filter used for signal smoothing
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Experimental Test-1 Data: Scan Axis Length = 0.100 Inch

Figure 23.

Scan Axis Increment = 0.001 Inch

Sample is Displaced 0.001 Inch Between Scans

First and Second Scans of Specimen-1
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described in Section III was a 5.0 KQ - 25.25 MFD
resistor-capacitor combination.

4.2 Experimental Test-2

The process of discrete cross-correlation described in
Section II suffers from the distinct disadvantage that the
minimum measurable displacement is equal to the scan
increment of the XY-table. In this test, the scan
parameters are the same as in Test-1 except that the scan
increment is 0.002 inch between discrete points. Therefore,
the scan axis length for the first scan is 0.200 inch and
0.100 inch for the second. All other sample dimensions and
average number of samples per point are the same as in
Test-1l. The purpose of this test is to examine how well the
correlation process can measure displacements when the
actual 4x displacement is not an integer multiple of the
incremental scan distance between sample points.

Figure 25 shows the results of the test. As can be seen
from the figure, when the actual displacement is an integer
multiple of the scan increment, the cross-correlation
predicted displacement is exactly correct. However, if the
actual displacement is between the integer multiples of the
scan increment, the predicted displacement is rounded off to
the nearest integer multiple.

From these results it is shown that the cross-

correlation process can measure actual displacements to the
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Figure 25. Test-2 Displacement Measured by
Cross-Correlation Versus Actual
Displacement
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nearest value of the scan increment or +0.002 inch in this
test. This is important for it also shows that translations
of the specimen relative to the transducer do not have to be
integer multiples of the scan increment to be accurate}y
measured.

4.3 Experimental Test-3

The purpose of this test was to show that pulse-echo
scanning could resolve object motion below the surface of
the test piece. Figure 26-(a) shows Specimen-5 and the
coordinates of the scan. In this test, a 4 micro-
second-4.05 MHz pulse was transmitted and gated 1 micro-
second after receipt of the front surface echo. This
particular gate delay corresponds to receiving an echo 0.125
inch below the solid-liquid interface. Due to the long
transmit pulse width some of the front surface acoustical
echo is also received which interferes with the'signal from
the scattering layer. The DAPCO needle probe was used with
an applied voltage of 1.28 volts peak to peak and 0.1l inch
from the solid-liquid interface.

The scan increment for the test was 0.001 inch. The
first scan axis length was 0.100 inch and the second axis
length was 0,050 inch. Figure 26-(b) shows the digitalized
return echo from the scattering layer for the first scan.
Each discrete point used in cross-correlation was the result

of signal averaging the return echo over 1000 samples.
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Figure 27 shows the results of the test. As can be
seen, there is a great deal of scatter in the data. This is
due to the fact that the return echo from the acoustical
scattering layer is very low in amplitude. The low
amplitude signal is a result of the poor transmissivity of
ultrasound from water to aluminum (Figure 6). Since the
return echo has to be amplified a great deal which
introduces spurious noise, a poor signal for correlation is
the ultimate result. The overall results are still
favorable despite this problem.

4.4 Experimental Test-4

The purpose of this test was to verify that CW
acoustical interferometry could predict motion displacement
of specimen based upon the theory presented in Section II.
Figure 28-(a) shows the basic experimental geometry for the
test. As can be seen from the scaled figure, the receiver
detects energy below the surface of Specimen-2 used for the
test. Since this specimen is aluminum and assumed
homogeneous throughout, the primary detected energy,
assuming negligible beam divergence of the transmitted beam,
is from a bondline on the back surface.

The specimen was bonded to the acoustical couplant
holding-tank using Arno double-stick tape which served as a
reflecting-scattering layer. It is important to note that

multiple interference effects between the specimen front
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(b) First Scan of Specimen
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surface and transmit transducer due to multiple reverber-
ations may contribute significantly to the received energy. 1
For the test, an 8.0 volt peak to peak, 3.08 MHz signal was
input to the transmit transducer. The first scan was 0.150
inch using a 0.001 inch scan increment. The second scan was

0.100 inch. Figure 28-(b) shows the first signal used for

cross-correlation. !

The results of the test are shown in Figure 29. As can 2
be seen, the cross-correlation predicted displacement agrees % ]
exactly with the actual displacement for every data point !

taken. An average of 500 samples of the A/D output were

taken for each discrete sample used in cross-correlation. |

4.5 Experimental Test-5

The purpose of this test was to verify that CW
acoustical speckle interferometry could detect motion inside
an object. Test Specimen-4 was oriented as in Test-4 except
that @ = 10° and 4; = d] = 0.65 inch. The scanning
was done at 3.08 MHz, 8 volts peak to peak as in Test-4.

! The grooved surface of the specimen was attached to the ’

double stick tape simulating a definite
reflecting-scattering layer, 0.13 inches below the smooth
surface of the specimen.

Figure 30 shows the result of scanning 1.00 inch over

the surface of the specimen in 0.002 inch increments. A

total of 500 discrete samples are shown in which 100 samples
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Scan Axis Length = 1.00 inch 1
Scan Axis Increment = 0.002 inch

Figure 30. Return Signal from Acoustical Scan of Specimen
Used in Test-5

82




e

e AN A S )

P PP US————

-
e Py

o NSRS T e ek 5 AT k0 20 S

per point of the signal were averaged together. As can be
seen from this figure, five major maxima and five minima are
present indicating the variation in return signal from the
scattering layer.

To test the correlation technique, the first scan length
was 0.100 inch with 0.001 inch increments between scan
points. The second scan length was 0.050 inch. Figure 31
shows the results in which the predicted displacement by
cross-correlation agrees exactly with the actual
displacement. These results indicate that CW acoustical
speckle interferometry can accurately measure displacement
of internal points in a solid.

4.6 Experimental Test-6

One of the major problems encountered with pulse-echo
scanning is directional sensitivity. If a test specimen as
used in Tests 1-3 was translated along the y-axis between
the displaced and undeformed x-axis displacements,
cross-correlation failed to predict accurate Ax motion. 1If
displacements in the y-axial direction are present, then
two-dimensional cross-correlation over the xy-plane is
necessary in pulse-echo scanning.

Experimentation showed this not to be the case in CW
scanning. This experiment shows a typical case where CW

scanning detects only x-axial motion. From the test it is

hypothesized that only motion in the plane of the

R




0.060

©® Data

0.050
= — Theoretical Curve

0.040

0.030

0.020

Cross-Correlation Displacement, In.

0.010

0.000

SN S—

. | | | ¥
0.000 0.010 0.020 0.030 0.040 0.050

Actual Displacement, In.

E Figure 31. Test-5 Displacement Measured by
¥ Cross-Correlation Versus Actual
: Displacement

84




F transducers (xz-plane) is detected provided that the y-axial

displacement is not too large.

The basic test configuration was the same as in Figure

B

28 except that the slip-cast fused silica (Specimen-3) was
used. For the test @ = 10.4° and d; = 0.78 inch. An 8.0
volt peak to peak load at 3.08 MHz was applied to the
transmit transducer. The first scan was made over 0.100

! inch using a 0.001 inch scan increment. The second scan was

4 made over 0.050 inch. The transducers were centered over

the specimen as before to start the scanning.
£ In the experiment, the second scan was made a distance ;
Ax, Ay relative to the first scan. Table-2 shows the

results of the test. From the data given, it is seen that y

axis displacements of +42% of the beam diameter can be
tolerated. This is very important information if an
adequate theory can be formulated to predict it. A
considerable saving in time would result if all scans could

be made in one direction rather than over an entire

Xy-region. For the experiment, the silica had a uniform

smooth surface texture with no indication of being an

anistropic scattering surface like Specimen-1l. As a point 1
of interest, pulse-echo scanning could not predict motion of 3
the silica due to its surface uniformity which produced very

little speckle effect.




NON-DIRECTIONAL SCAN SENSITIVITY

TABLE 2

DATA FOR TEST-6

Y-AXIS DISPLACEMENT ACTUAL X-AXIS DISPLACEMENT

.000 » .010 .020 .030 .040

.000 —— .010 .020 .030 .039
.001 —— .009 .020 .030 .039
.002 —— .009 .020 .030 .039
.003 ——— .009 .020 .030 .038
.004 ——— .009 .019 .030 .039
.005 .000 .008 .019 .030 .039
.010 .000 .010 .020 .029 .039
.015 .000 .009 .018 .030 .039
.020 .000 .007 .011 .024 .036
-.001 —— .010 .020 .030 .039
-.002 —— .010 .020 .030 .039
-.003 —— .010 .019 .030 .039
-.004 —— .009 .019 .030 .038
-.005 .000 .009 .019 .030 .038
-.010 .000 .012 .021 .030 .038
-.015 .000 .011 .021 .031 .039
-.020 .000 .014 .022 .033 .041
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V. CONCLUSIONS

The basic theory for pulse-echo and continuous wave
acoustical speckle interferometry was presented. This
theory included the propagation of sound in.an LSL interface
with a scattering-reflecting layer below the interface.

Also the method of scanning and cross-correlation using the
square of the difference of two signals was presented. Two
separate hardware systems were developed to make displace-
ment predictions using the pulse-echo and continuous wave
modes. These systems are very accurate and can make
displacement measurements to within +0.001 inch using an
XY-table with a 0.001 inch step increment. XY-tables with a
smaller increment could improve these measurements by at
least one order of magnitude.

Pulse-echo acoustical interferometry was found to be
sensitive to motion in three dimensions which may limit its
usefulness since it requires scanning over an area to
predict two-dimensional motion. Cross-correlation would
have to be achieved in two rather than one dimension which
is time consuming from a scann%ng pcint of view. Pulse-echo
scanning also suffers from poor signal resolution if the

scattering layer is very deep below the object.
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Continuous wave acoustical speckle interferometry in
contrast to pulse-echo scanning was found to be sensitive
mainly to motion in two dimensions. With two orthogonal
transducer pairs scanning along two orthogonal lines, it may
be possible to predict two-dimensional motion using two sets
of one~dimensional cross-correlations. This greatly
simplifies data acquisition and processing time. Continuous
wave scanning gives a very strong signal return from the
scattering-reflecting layer which, unlike pulse-echo
scanning, is stable in time and can be very accurately
measured. This greatly enhances data processing and reduces
the cost of the scanning equipment.

There are several problem areas which should be
addressed in the future. One area is the analysis of
ultrasonic wave propagation in multi-layered scattering-
reflecting media. As presented in the theory, the proper
positioning of the transducer in CW mode allows for the
resolution of ultrasound return echo from any layer in the

solid medium. By controlling the position of the receiver

_transducer, it may be possible to resolve multi-layered

reflecting-scattering media. Another area to be addressed
is complex geometrical shapes for test objects and their

effect on displacement measurements.
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RETURN

END

SUBROUTINE CORR(IDsNsM»IC)
DIMENSION ID(2,500)
§2=10E20

INM=0

ICNM=N-M

PO 2 I=0rICNMr1

$=0.

DO 1 J=1,M»1
S1=FLOAT(ID(2yJ)-ID(1,I4J))
S=8+S1x%S1

IF(S.LT.S2) INM=I
IF(S.LT.S2) S2=8

CONTINUE

D=,001%FLOAT (INMXIC)

~ WRITE(S»3) DsS2 -
FORMAT(’ DISPLACEMENT=’»F10.3s5Xy “CORRELATION='yE12.5)

RETURN

END

SUBROUTINE PLOT(I»IDsNP)
DIMENSION IDC(2,500)
ITEST=IPEEK("177570)
IFCITEST.NE.O) GOTO 1
CALL IPOKE(*170410s"1)
CALL IFOKE("®"170410,"0)
DO 3 J=1sNP»1
IP=ID(I»J)

CALL IPOKE(®"170414,IF)
CALL IFOKE("170414,°0)
ITEST=IPEEK("177570)
IF(ITEST.EQ.0) GOTO 2
RETURN

END :
SUBROUTINE YADV(ISyIR)

----- IS=NO. STEPS (+=FWDy-=REV)

IR=ADVANCE RATE OF STAGE
X=0,

IF(IS.GT.0) GOTO 3
IP=IARS(CISY

DO 2 I=1,IP»s1

CALL IPOKE("1467772y°020000)
DO 7 K=1+IRv1

Y=SIN(X)

CALL IPOKE("167772,"000000)
DO 1 J=1»IRr1
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Y=SIN(X)

CONTINUE

GOTO &

CONTINUE

DO 5 II=1,1IS,1

CALL IFOKE(®*167772»°010000)
DO 8 KK=1,IR»1

Y=SIN(X)

CALL IPOKE(®*167772,°000000)
DO 4 JJ=1,1IRr1

Y=SIN(X)

CONTINUE

CONTINUE

RETURN

END

SUBROUTINE XADV(ISyIR)
IS=NO. STEPFS (+=FWDy-=REV)

C-=---IR=ADVANCE RATE OF STAGE

X=0.

IF(IS.GT.0) GOTO 3
IP=IARS(IS)

DO 2 I=141IFs1

CALL IPOKE("1677729°100000)
DO 7 K=1yIR»1

Y=SIN(X) _

CALL IPOKE(®167772y°000000)
DO 1 J=1,IR»1

Y=SIN(X)

CONTINUE

GOTO 6

CONTINUE

DO S5 II=1,1IS,1

CALL IPOKE("167772y°040000)
DO 8 KK=1,IR»1

Y=SIN(X)

CALL IFPOKE(®167772,°000000)
DO 4 JJ=1,IR»1

Y=SIN(X)

CONTINUE

CONTINUE

RETURN

END
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